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Introduction {#sec1}
============

Attention plays a crucial role in our ability to organize thoughts and actions in meaningful behavior. On a neurophysiological level, attention biases processing of certain neural representations at the expense of others. As a result, behaviorally relevant information is amplified, while distracting or irrelevant information is suppressed ([@bib38]). The prefrontal cortex (PFC) directly influences attentional processing ([@bib3], [@bib13], [@bib21], [@bib36], [@bib37], [@bib57]), but the local computations underlying PFC's control of attention have not been established. Cortical inhibitory interneurons expressing parvalbumin (PV) are powerful regulators of local network activities ([@bib26]), and synchronous activation of PV neurons is sufficient for induction of gamma oscillations (30--80 Hz) ([@bib8], [@bib10], [@bib48]). PV neurons in sensory areas contribute to the signatures of attention through local modulation of sensory responses ([@bib2], [@bib31], [@bib55]), including through the expression of gamma oscillations ([@bib47]). Importantly, attentional processing is characterized by increases in gamma activity, both in sensory as well as prefrontal areas ([@bib21]) ([@bib22]).

Activity of cortical PV neurons is not only essential for microcircuit operations but does also correlates to behavioral events ([@bib27], [@bib30]), and recent findings suggest that prefrontal PV neurons can act as a functional unit able to orchestrate the flow of information in and between brain areas ([@bib14], [@bib28]). Given the functional repertoire of PV neurons, it is not surprising that this neuronal cell type repetitively has been implicated in a variety of neurological and psychiatric diseases ([@bib35]). The links are especially strong in schizophrenia, a disabling mental disorder with well-defined impairments in the control of attention ([@bib34]). Patients with schizophrenia demonstrate impairment in visual search when top-down goals are required, showing a selective deficit in top-down control of attention ([@bib18]). Cognitive deficits in schizophrenia are suggested to emerge from impaired prefrontal gamma oscillations ([@bib32]), and the key role of PV neurons in the generation of cortical gamma oscillations links this neuronal class to cognitive deficits ([@bib11], [@bib29]).

Despite many intersecting lines of circumstantial evidence, proof for a function of inhibitory medial PFC (mPFC) PV neurons in the control of attention is lacking. Moreover, it is yet to be demonstrated how cortical PV neurons relate to gamma activity in attention and how prefrontal gamma oscillations could contribute to the behavioral benefits of attention. Elucidation of the circuit underpinnings of top-down control of attention will not only give answers to central questions regarding how PFC contributes to purposeful behavior, but will also give insight on how circuit disturbances could underlie symptomatology in mental disorders characterized by altered cognition.

Results {#sec2}
=======

Identification and Recording of mPFC Neurons during Top-Down Control of Attention {#sec2.1}
---------------------------------------------------------------------------------

To characterize the recruitment and firing modulation of mPFC neurons during attentional processing, we conducted chronic electrophysiological recordings in mice performing a three-choice version of the five-choice serial reaction time task (5-CSRTT) ([@bib40]). The 5-CSRTT is a widely employed rodent attention task, building on tests of sustained attention originally developed for humans, and is identified as having high construct validity ([@bib34]). In the task, animals are required to orient to an array of stimulus presentation holes in an operant chamber and to allocate attention to detect and report the location of a brief visual stimulus (cue) presented pseudorandomly in one of three presentation holes ([Figure S1](#figs1){ref-type="fig"}A and [Movie S1](#mmc2){ref-type="supplementary-material"}). The animals were subjected to a six-step training schedule defined by specific criteria (modified from [@bib5] ([Figures S1](#figs1){ref-type="fig"}B--S1F) to fully learn the task (n = 28 ± 8 training days for all animals used, n = 13 PV-Cre mice). After meeting the target criteria, three PV-Cre mice were implanted with microdrives holding four movable tetrodes targeted to prelimbic (PL) and infralimbic (IL) cortex ([Figures S2](#figs2){ref-type="fig"}A--S2C), and 426 well-isolated neurons were recorded during 3-CSRTT (54 sessions, 3,857 trials in total). As a first step, we classified the recorded units into narrow-spiking (NS; n = 70, half-valley width 252 ± 36 μs) putative inhibitory interneurons and wide-spiking (WS; n = 329, half-valley width 428 ± 37 μs) putative pyramidal neurons based on spike waveform features ([@bib49]; [Figure S2](#figs2){ref-type="fig"}D). Units with low classification confidence (p \> 0.05, n = 27) were not classified. The waveform classification revealed three potential NS clusters, and the units were therefore further classified based on firing rate ([Figure S2](#figs2){ref-type="fig"}E). This parameter identified a population of fast-spiking NS neurons, and NS units with an average firing rate \> 10 Hz were classified as FS-PV neurons (n = 30, mean firing rate 18 ± 6 Hz, all data from all trials). Inhibitory interactions and short-latency suppression of WS spiking were confirmed for 21 of the 30 FS-PV neurons in computed cross-correlograms ([@bib17]; see further below).

Optogenetics enables verification of physiology-based classification of neurons recorded in vivo ([@bib30], [@bib43]), and we therefore paired chronic extracellular recordings with optical tagging of FS-PV neurons in freely moving animals (n = 4 PV-Cre mice, 46 opto-tagging sessions). An adeno-associated virus expressing channelrhodopsin-2 (ChR2) ([@bib10]) was targeted to mPFC to render PV neurons sensitive to blue light ([Figure 1](#fig1){ref-type="fig"}A). Application of blue light (473 nm, 5 mW, 3--5 ms light pulses, 10--90 Hz) elicited short-latency action potentials in ChR2-expressing FS-PV neurons followed by inhibition of WS neurons recorded on the same tetrode ([Figures 1](#fig1){ref-type="fig"}B and 1C), demonstrating efficient temporal control of FS-PV neuron activity during active behavior. Using stimulus-associated spike latency test (SALT) in combination with a spike-shape correlation measure ([@bib30]), we confirmed that the 12 units optically tagged and recorded were directly light-driven FS-PV neurons ([Figure 1](#fig1){ref-type="fig"}D). Comparison of the electrophysiological properties between NS neurons recorded during 3-CSRTT and FS-PV neurons identified through opto-tagging confirmed that our physiological classification correctly categorized FS-PV neurons ([Figures 1](#fig1){ref-type="fig"}E--1G).

FS-PV Neurons, but Not WS Neurons, Closely Track Attention {#sec2.2}
----------------------------------------------------------

The 3-CSRTT assesses attentiveness to multiple locations and the speed of processing over a large number or trials. Incorrect reporting of stimulus location (nose-poke response into wrong hole; [Movie S3](#mmc4){ref-type="supplementary-material"}), premature reporting (nose-poke response before cue onset; [Movie S2](#mmc3){ref-type="supplementary-material"}), and omission (failure to report cue location within a defined time span; [Movie S4](#mmc5){ref-type="supplementary-material"}) are scored as errors and are considered to reflect disturbances in attentional processing and executive functioning ([@bib40]). To increase the attentional load and prevent self-pacing strategies for prediction of stimulus onset, we employed pseudorandom delays ("delay" refers to time from trial start to cue onset) with the cue being presented 3, 4, or 5 s after trial start, on a trial-to-trial basis ("event onset asynchrony").

We focused our examination of the responses of the recorded FS-PV and WS populations to the delay (i.e., when attention is allocated \[[@bib52], [@bib53]; [Figure S1](#figs1){ref-type="fig"}A\]). The firing rate modulation was analyzed based on the behavioral outcome (correct, incorrect, or omitted response). Premature responses cancel cue presentation, and we therefore did not perform analysis of recordings from trials with this type of error. Trial start was reported by an increase in FS-PV activity, independent of behavioral outcome ([Figure 2](#fig2){ref-type="fig"}A). However, in trials with correct report of cue location, the FS-PV neurons uniformly displayed a sustained enhancement of firing during the delay compared to trials with incorrect report or omission ([Figures 2](#fig2){ref-type="fig"}A--2D). Already 300 ms after trial start, the FS-PV activity was significantly higher in correct trials compared to error trials (incorrect + omission). It was thus possible, based on the level of the FS-PV activity, to predict successful behavior (i.e., correct response) more than 2.5 s before cue onset (p \< 0.05, paired t test, example from shortest delay \[3 s\]). As a population, the FS-PV neurons showed a remarkably homogenous firing rate modulation during the delay preceding a successful behavioral response ([Figure 2](#fig2){ref-type="fig"}B), with up to 40% of the neurons displaying significantly elevated firing rates in correct trials ([Figure S3](#figs3){ref-type="fig"}A). As a whole, the FS-PV activity was modulated by attention ([Figure 2](#fig2){ref-type="fig"}E).

Analysis of the firing rate of the WS population (n = 329) revealed only minor modulations throughout the delay, regardless of behavioral outcome ([Figure 2](#fig2){ref-type="fig"}F). Yet, the elevated FS-PV firing is expected to exert pronounced inhibitory effects on local WS spiking ([@bib26], [@bib42]). In support of this, we found a high prevalence of short-latency inhibitory putative monosynaptic interactions between FS and WS neurons in computed cross-correlograms ([@bib17]), identifying functional connectivity between the cell types and FS-PV suppression of WS spiking ([Figure S3](#figs3){ref-type="fig"}B). We therefore next analyzed the firing rate modulation during the delay of correct trials for each WS neuron individually ([Figures 2](#fig2){ref-type="fig"}G and [S3](#figs3){ref-type="fig"}C). Interestingly, this revealed a clear dissociation of the WS population, with 61% of the WS neurons showing elevated activity and 39% suppressed activity ([Figures 2](#fig2){ref-type="fig"}G and 2H). Mixed modulation of mPFC activity during attentional processing has been observed in the 3- and 5-CSRTT in earlier studies, in which the recorded neurons were not classified into cell types ([@bib15], [@bib52]). Importantly, the WS sub-population with enhanced activity in correct trials displayed lower firing rates in error trials ([@bib21]; [Figure 2](#fig2){ref-type="fig"}H). Conversely, the WS subpopulation with suppressed activity in correct trials was less suppressed in error trials ([Figure 2](#fig2){ref-type="fig"}H). In line with this, the strongest and fastest inhibition by FS-PV neurons was seen in correct trials, targeting the WS sub-population with suppressed activity (trough at 3 ms in correct trials and 4 ms in error trials for WS neurons with suppressed activity; [Figure S3](#figs3){ref-type="fig"}D). Taken together, WS neurons showed mixed activities during attentional processing ([Figures 2](#fig2){ref-type="fig"}I and [S3](#figs3){ref-type="fig"}E), but the WS activity as a whole was not modulated by attention ([Figure 2](#fig2){ref-type="fig"}J).

The response latency (i.e., the reaction time: time from cue onset to nose-poke response) correlated to trial outcome, corroborating previous findings ([@bib52]), with faster responses in correct trials compared to incorrect trials (correct: 1.7 ± 0.3 s; incorrect: 2.1 ± 0.5 s, p \< 0.01, paired t test), even during training ([Figure S1](#figs1){ref-type="fig"}F). Interestingly, there was no correlation between the reaction time and the FS-PV activity directly before cue onset in correct trials (i.e., the time point when the animals most urgently must allocate attention in order to not miss the presentation of the cue \[[Figure 3](#fig3){ref-type="fig"}A\]). Further, the pattern of FS-PV activity was indistinguishable between correct trials with fast and slow reaction times ([Figure 3](#fig3){ref-type="fig"}B). These findings suggest that the recorded FS-PV activity does not correlate to general task engagement ([@bib25]) or motor preparation. In support of this, the FS-PV activity was modulated differently in correct and incorrect trials with very similar reaction times (i.e., although the behavioral responses were performed with very similar latencies, the FS-PV activity clearly reflected the respective trial type's level of attention and predicted the outcome of the behavior \[[Figure 3](#fig3){ref-type="fig"}C\]).

Analysis of the latency to collect reward after correct responses (reward collection latency, RL; [Figure S1](#figs1){ref-type="fig"}A) provides a sensitive control measure of motivation, with longer reward latencies reflecting lowered motivation ([@bib40]). We found that the FS-PV activity during attentional processing in correct trails with fast reward latencies was not different from the activity in correct trials with slow reward latencies, arguing against the recorded FS-PV activity being a correlate of the motivational state of the animal ([Figure 3](#fig3){ref-type="fig"}D). Collectively, these findings lend support to the interpretation that elevated and sustained mPFC FS-PV delay activity is a correlate of successful attentional processing.

Error or reward processing could potentially influence the neuronal activity in a subsequent trial, and we therefore investigated how the FS-PV activity during the delay was affected by the outcome of previous behavior (i.e., if the previous trial was rewarded or not). The level of FS-PV activity during the delay of trials with correct responses was very similar, regardless of whether the previous trial was rewarded or not, with the distinction that the elevation of activity came significantly earlier if the previous trial had been rewarded (p \< 0.01, paired t test; [Figure S4](#figs4){ref-type="fig"}). This suggests that the consequence of the animal's previous behavior does not affect the level of recruitment of mPFC FS-PV neurons but possibly influences the timing of recruitment.

Successful Allocation of Attention Is Characterized by Synchronization of mPFC FS-PV and WS Neurons and Enhanced Gamma Oscillations {#sec2.3}
-----------------------------------------------------------------------------------------------------------------------------------

Allocation of attention is correlated to enhancement of gamma synchronization in PFC ([@bib20], [@bib22]), and it has been proposed that oscillations in the gamma range benefit cortical processing and behavior ([@bib16], [@bib39]). Analysis of the local field potential (LFP) revealed distinct bouts of spontaneously occurring gamma during the delay in trials with correct responses ([Figure 4](#fig4){ref-type="fig"}A). The 30--40 Hz gamma activity was significantly elevated in correct trials compared to trials with omitted responses. Trials with incorrect report of cue location showed intermediate levels of gamma activity, possibly reflecting the notion that attention is indeed engaged in incorrect trials, but not sufficiently to support correct report of the cue location ([@bib52]; [Figures 4](#fig4){ref-type="fig"}B--4D). Importantly, the gamma amplitude did not differ between trial types directly after termination of the delay (i.e., the elevation of gamma in correct trials was specific to the time point when attention was allocated \[[Figures 4](#fig4){ref-type="fig"}D and 4E\]).

Optogenetics has provided causative in vivo evidence for the crucial role of FS-PV neurons in the emergence of cortical gamma oscillations; ChR2 drive of FS-PV neurons at gamma frequencies entrain naturalistic gamma in the local in vivo circuit ([@bib10], [@bib47], [@bib48]). To infer whether gamma activity coupled to attention depends on synchronous firing of mPFC FS-PV neurons, we investigated the alignment and level of phase locking of FS-PV firing during the last 2 seconds of the delay. The FS-PV population was significantly phase locked ([@bib54]) and fired in the same phase (the trough) of the gamma cycle in all types of trials, with strongest phase locking in correct trials (i.e., during successful allocation of attention characterized by elevated gamma activity \[[Figure 4](#fig4){ref-type="fig"}F\]). Selective investigation of significantly phase-locked FS-PV neurons revealed a strong phase concentration of the spiking in the trough of the gamma cycle ([@bib47]) in correct trials ([Figure 4](#fig4){ref-type="fig"}G). This pronounced synchronous FS-PV firing was followed by a period of suppressed local WS firing ([Figures 4](#fig4){ref-type="fig"}H and 4I). Further, in correct trials, the WS firing became significantly phase locked to gamma ([Figures 4](#fig4){ref-type="fig"}H and 4I). This characteristic pattern and alignment of FS-PV phase-locking are consistent with the dynamics of FS-PV-driven gamma ([@bib39] but see [@bib8]). Taken together, successful allocation of attention was characterized by gamma-rhythmic inhibition by FS-PV neurons, increased temporal precision of WS firing, and synchronization of WS firing ([@bib24]).

Differential Attentional Modulation of WS Neurons Phase Locked to Local Gamma {#sec2.4}
-----------------------------------------------------------------------------

A closer look at the phase distributions revealed that WS neurons phase locked to gamma during successful allocation of attention (i.e., in correct trials) preferentially fired in either the trough or at the peak of the gamma cycle ([Figure 4](#fig4){ref-type="fig"}I). In addition to temporally sharpening WS responses ([@bib10], [@bib24]) and increasing synchronization, gamma-rhythmic inhibition by FS-PV neurons is implicated in gating of inputs and in gain control ([@bib50], [@bib51]), with the phase of gamma influencing the efficacy by which excitatory inputs drive local WS responses ([@bib56]). Optogenetic experiments have shown that synaptic inputs arriving in the trough of gamma (i.e., when the level of inhibition is lowest) evoke enhanced responses of local WS neurons, while inputs arriving in the opposite phase evoke diminished responses ([@bib10], [@bib47]). To directly investigate a potential relationship between endogenous gamma activity and responses of local mPFC WS neurons during attention, we selectively analyzed the firing rates during the delay of the WS neurons significantly phase locked to the trough or the peak of the gamma cycle in correct trials ([Figures 5](#fig5){ref-type="fig"}A and 5B). Interestingly, this separated the WS neurons into two sub-populations, with WS neurons discharging in the trough of gamma displaying increased firing and WS neurons discharging at the peak displaying suppressed firing ([Figure 5](#fig5){ref-type="fig"}C).

Top-Down Control of Attention Relies on FS-PV Activity {#sec2.5}
------------------------------------------------------

The strong network and behavioral correlate of mPFC FS-PV activities imply a functional role of this population in top-down control of attention and goal-directed behavior. In order to directly address this hypothesis, we employed optogenetic silencing of the FS-PV neurons during the delay. Light-activated inhibiting chloride-conducting channels were recently developed through structure-guided transformation of an originally cation-conducting channelrhodopsin ([@bib6]). Inhibitory channels hold several advantages over the traditionally used inhibitory pumps, including a more physiological inhibition of action potentials. SwiChR is a fast and bistable inhibitory step-function channel that can be used for inhibition of neuronal spiking for seconds ([@bib6]). Brief blue light application results in stable inhibition that can be terminated by application of red-shifted light. To confirm the bistable inhibitory action of SwiChR in vivo, we performed recordings in prelimbic/infralimbic cortex of PV-Cre mice injected with AAV DIO SwiChR-EYFP (n = 4 PV-Cre mice; [Figure S5](#figs5){ref-type="fig"}A). Blue light application (1 s, 473 nm, 5 mW) inhibited FS-PV spiking, resulting in disinhibition of neurons in the local circuit for several seconds, which could be counteracted by application of red light (1 s, 638 nm, 5 mW; [Figures S5](#figs5){ref-type="fig"}B--S5D). We expressed SwiChR bilaterally in mPFC PV neurons ([Figures 6](#fig6){ref-type="fig"}A and 6B) in trained animals (n = 5 PV-Cre mice) and pseudorandomly silenced the mPFC PV neurons' activity during the delay in 50% of the trials (total number of trials: 4,362). In separate sessions, 0.5, 1.0, or 2.0 s pulses of blue light (473 nm, 5 or 7 mW) were used (for experimental outline, see [Figure S1](#figs1){ref-type="fig"}A). Inhibition of FS-PV activity was terminated with 1 s of red light (638 nm; 5 mW) directly after the delay in all trials with SwiChR application. In essence, we ensured that inhibition of FS-PV spiking matched the temporal pattern of elevated FS-PV activity during successful allocation of attention.

Inhibition of FS-PV neurons during attentional processing resulted in more than a doubling of the total number of errors (premature + incorrect + omission), regardless of blue light-pulse duration (p \< 0.01, paired t test; [Figure 6](#fig6){ref-type="fig"}C). The major effect seen was a large increase in the number of omitted trials (p \< 0.01, paired t test; [Figures 6](#fig6){ref-type="fig"}D and [S6](#figs6){ref-type="fig"}A). Omissions can reflect inattentiveness, particularly in mice, which are prone to withhold a response after failure to attend to the stimulus ([@bib1]). To investigate this further, we analyzed deficits in other domains. Analysis of the latency to collect reward after correct responses revealed that SwiChR silencing of mPFC FS-PV neurons did not affect reward latencies, independent of blue light-pulse duration and power intensity ([Figures S6](#figs6){ref-type="fig"}B and S6C), arguing against a general effect on internal motivation ([@bib40]).

Increased omissions could theoretically be attributed to deficits in motor activity ([@bib40]). Deficits in motor activity would be expected to be consistent in trials with SwiChR activation and, thus, independent of trial outcome, and we therefore analyzed the response latency (i.e., the reaction time) for correct responses. SwiChR application did not result in increased response latencies in correct trials with light application compared to correct trials without light, independent of blue-light-pulse duration and light intensity ([Figures S6](#figs6){ref-type="fig"}D and S6E). Together, these findings lend support to the notion that silencing of mPFC FS-PV activities during the delay selectively disrupts attentional processing.

Frequency-Dependent FS-PV Modulation of Attention {#sec2.6}
-------------------------------------------------

Optogenetic activation of cortical PV neurons has been employed in many studies investigating cortical computations (for review, see [@bib23], [@bib28], [@bib43]). Optogenetic drive of FS-PV activity can, depending on the stimulation paradigm used and the network operations affected, lead to both perturbation ([@bib44], [@bib47]) and enhancement ([@bib31], [@bib47]) of ongoing network activities and, ultimately, influence behavior ([@bib39]). To directly investigate how synchronization of FS-PV firing at different frequencies influences attentional processing, we expressed ChR2 bilaterally in mPFC FS-PV neurons in a cohort of animals trained in the 3-CSRTT (n = 5 PV-Cre mice; [Figures 7](#fig7){ref-type="fig"}A and 7B). Blue light (473 nm, 3 ms light pulses, 5 or 7 mW) was applied throughout the pseudorandom delay (3, 4, or 5 s) or during the last 2 seconds of the delay pseudorandomly in 50% of the trials (total number of trials: 10,302; for experimental outline, see [Figure S1](#figs1){ref-type="fig"}A). Interestingly, optogenetic activation of FS-PV neurons at frequencies lower (1--10 Hz) than the native FS-PV activity displayed in correct trials directly before cue onset (19.25 ± 7.55 Hz, −1 to 0 s before cue onset) resulted in a significant increase in the total number of errors (premature + incorrect + omission; p \< 0.01 paired t test; [Figures 7](#fig7){ref-type="fig"}C and [S7](#figs7){ref-type="fig"}A). As with the use of SwiChR, there was a large increase in the number of omitted trials (p \< 0.01 paired t test; [Figures 7](#fig7){ref-type="fig"}D and [S7](#figs7){ref-type="fig"}B), but also the number of premature responses was increased with light application throughout the delay. Premature responses are thought to reflect deficits in impulse control, a PFC-dependent cognitive trait tightly linked to attentional processing. The negative effect on the behavior implies that intermittent forced synchronization of FS-PV neurons at low frequencies disrupts ongoing local network activities supporting attention. Our data further indicate that attention works in concert with response inhibition and that the two functions might share network underpinnings.

Activation at 20 Hz (i.e., close to the native FS-PV rate displayed before the cue in correct trials) did not change the error rate (p \> 0.1, paired t test; [Figures 7](#fig7){ref-type="fig"}C, 7D, [S7](#figs7){ref-type="fig"}A, and S7B), indicating that synchronization of FS-PV activity per se does not disrupt attention. Despite extensive training, the animals do not correctly report the cue location in 100% of the trials. The most common error is an omission ([Figures 6](#fig6){ref-type="fig"}D and [7](#fig7){ref-type="fig"}D), which presumably depends on a natural inability to sustain attention in every trial of a session. Improvement of behavior in the 3-CSRTT is thus possible, which is supported by pharmacological studies ([@bib4]). Optogenetic gamma drive of FS-PV neurons in barrel cortex was recently shown to enhance sensory perception ([@bib47]), and in line with this, we next activated the FS-PV neurons at gamma frequencies. Interestingly, activation of FS-PV neurons at 30--40 Hz during the delay resulted in a decreased rate of errors (p = 0.01, paired t test; [Figure 7](#fig7){ref-type="fig"}C), with a significant decrease in the number of omitted responses (p = 0.01 compared to trials without light, paired t test; [Figure 7](#fig7){ref-type="fig"}D), directly demonstrating that gamma synchronization of mPFC FS-PV neurons benefits attentional processing.

The pro-cognitive effects of gamma synchronization of FS-PV neurons were instant, short lasting, and specific to attention. Long-lasting effects are expected to be carried over to the pseudorandomly intermingled trials without light, but they were not ([Figure 7](#fig7){ref-type="fig"}C). The 30--40 Hz activation of FS-PV neurons did not affect motivation, as there was no significant difference in reward collection latencies between correct trials with or without light, regardless of the time point, power, or frequency of the light application ([Figures S7](#figs7){ref-type="fig"}C--S7E). As with the use of SwiChR, ChR2 application during the delay did not generate motor deficits, as the reaction time was not increased in correct trials with light compared to trials without light ([Figures S7](#figs7){ref-type="fig"}F--S7H).

Discussion {#sec3}
==========

Attention guides behavioral responses by selecting task-relevant information for further processing, and the signatures of attention have been extensively studied in sensory systems. Signals of attention arise in PFC ([@bib3], [@bib7], [@bib33]), a central site for executive control and coordination of goal-driven behavior. Studies in monkeys have consistently identified PFC as a key site for control of attention and a source of attentional modulation of neural responses in downstream brain structures ([@bib13], [@bib21], [@bib36], [@bib37], [@bib41]). However, the circuit underpinnings and mechanisms behind PFC's control of attentional processing have been largely unknown. More specifically, the computations by which PFC could communicate behavioral goals and contribute to selective enhancement of relevant representations in downstream areas have not been demonstrated. Further, a causal link between synchronous brain activity in attention and behavior has been missing ([@bib22]).

mPFC Neural Correlates of Attentional Processing in Goal-Directed Behavior {#sec3.1}
--------------------------------------------------------------------------

Our results firmly establish that mPFC FS-PV neurons are recruited by attentional processing and that enhanced and sustained FS-PV spiking predicts successful execution of goal-directed behavior. This surprisingly uniform modulation of mPFC FS-PV neurons constitutes a first cell-type-specific neural correlate of successful allocation of attention. We find that local WS neurons are separated into populations with suppressed or enhanced activity during attentional processing and that this separation is most pronounced during successful allocation of attention, possibly reflecting selective and optimal mPFC integration of the neuronal representations needed for achieving the goal. Our data do not reveal what representations are processed nor their cellular sources. The target and its value, the rules, and the goal of the task engage top-down attention ([@bib13]) and are suggested representations needed to be actively maintained in mPFC during task performance.

The Role of Gamma in Attention {#sec3.2}
------------------------------

We find that successful allocation of attention is accompanied by elevated mPFC LFP activity in the gamma band and that elevated gamma is coupled to synchronous firing of FS-PV neurons and gamma-phase-dependent silencing of local WS neurons ([@bib10]). During enhanced gamma, local WS firing also became synchronized ([@bib24]), supporting the view that gamma rhythm provides a means for formation of assemblies of WS neurons with coordinated firing ([@bib9]). Synchronization of pyramidal action potential firing is a proposed mechanism for how gamma rhythmicity could promote the relay of relevant information and drive firing in the proper targets with higher probability ([@bib9], [@bib45], [@bib46]). This could directly contribute to the preferential processing of task-relevant stimuli in downstream areas ([@bib21]) and, ultimately, to the behavioral benefits of attention.

Our data also suggest that the gamma rhythmic inhibition imposes phase-selective gain modulation of local WS neurons during attention, which has been anticipated by modeling and optogenetic studies ([@bib10], [@bib39], [@bib47], [@bib50], [@bib51]). The cycles of strong FS-PV inhibition create brief time windows with decaying inhibition in the trough of gamma right before onset of the next gamma cycle, where WS neurons would be most sensitive to input and produce maximal output ([@bib56]). Gamma rhythmic inhibition thus could enhance the throughput of task-relevant information both by synchronization of WS firing and by generating WS output with a higher spike probability. Taken together, our electrophysiological recordings support the view that the temporal conditions created by FS-PV firing specifically in the gamma range support computations underlying top-down control of attention and cognitive behavior ([@bib16]).

The Role of mPFC PV-FS Neurons in Attention {#sec3.3}
-------------------------------------------

Our SwiChR experiments show that silencing of mPFC FS-PV neurons during attentional processing has detrimental effects on goal-directed behavior. Based on our electrophysiological findings, it is conceivable that decreased inhibition by FS-PV neurons precludes proper gamma rhythmicity and prevents accurate synchronization and attentional modulation of local WS firing. As discussed, this is expected to impact the formation of WS assemblies and the relay to downstream structures.

While the finding of improved behavior with forced synchronization of mPFC FS-PV neurons at gamma frequencies can seem surprising, gamma oscillations have long been predicted to serve cognition ([@bib19]), a concept recently finding direct experimental support. In optogenetic experiments, gamma drive of FS-PV neurons in PFC had pro-cognitive effects and could rescue deficits in cognitive flexibility ([@bib12]). The pro-cognitive effects remained long term, which contrasts the instant and short-lasting effects in our study. Further, while [@bib12] used drive of gamma to rescue cognitive deficits in a mutant mouse, we demonstrate selective enhancement of attentional processing in overtrained normal mice. It thus appears that prefrontal gamma activity can support various aspects of cognitive processing on multiple timescales and probably through different circuit operations. It will be important for future studies to characterize the computations by which FS-PV gamma mediates particular constructs of cognition and under what contingencies.

The demonstration of frequency-dependent FS-PV modulation of attentional processing is conceptually important for our understanding of how synchronous brain activity can support cognition. This finding also agrees with the idea that oscillations are appropriate targets for investigation of pathophysiology of mental disorders characterized by changed cognition ([@bib9]) and, more specifically, that PV neurons play a key role in psychiatry ([@bib26]). The pro-cognitive effects of synchronization of FS-PV neurons at gamma frequencies suggest that cell-type-specific manipulations can be used for enhancement of cortical computations and cognition. This concept is very encouraging, but it also underscores that, in order to understand the operations of the brain, we need to understand the component cells by their functions.

Experimental Procedures {#sec4}
=======================

Mice were trained in the 3-CSRTT to attend to and report the location of a brief visual cue presented pseudorandomly in one of three cue/nose-poking holes ([Figure S1](#figs1){ref-type="fig"}A). To increase the attentional load, the cue was presented with pseudorandom delays (3, 4, or 5 s) after trial start. Nose-poking into the correct hole resulted in immediate access to reward, while incorrect reports, premature reports, and omitted responses were unrewarded and scored as errors, resulting in a 5 s timeout during which a new trial could not be initiated. Fully trained animals were implanted with microdrives holding tetrodes targeted to mPFC, and chronic recordings were performed over a large number of 3-CSRTT trials for characterization of the recruitment and firing modulation of mPFC neurons during attentional processing. Cell-type classification of local FS-PV and WS neurons was performed by electrophysiological characterizations, and the classification of FS-PV neurons was verified with opto-tagging using ChR2 in freely moving animals. The activity patterns of FS-PV and WS neurons, respectively, were aligned to trial start and cue presentation, and the correlation between the firing modulation and attentional processing was investigated. To examine population activity, peri-event time histograms (PETHs) for each unit were normalized in *Z* score and averaged across different trials (correct, incorrect, and omission). For examination of how the activities of the FS-PV and WS populations were modulated by attention, we calculated the attentional modulation index (AMI) 1 s before cue onset. To identify inhibitory putative monosynaptic connections from FS-PV to WS cells, we calculated cross-correlations of spike trains for pairs of simultaneously recorded neurons across correct and error trials. To investigate changes in the power of the LFP during attention and presentation of the cue, respectively, the relative power for different frequency bands was calculated and compared between trial types. To investigate the relationship between single-unit activity and LFPs, we performed spike-LFP phase-locking analysis for correct, incorrect, and omitted trials. To determine the instantaneous phase angle of unit spikes relative to gamma oscillations, the phase vector of the filtered LFP was estimated, and the significance of spike-LFP phase locking was tested using circular statistics. The degree of phase locking was evaluated by the length of the mean resultant vector (MRL, range 0--1) and the concentration parameter (κ). Cohorts of fully trained animals were injected with adeno-associated viruses encoding ChR2 or SwiChR for optogenetic in vivo manipulation of FS-PV activity during attentional processing. Light (5 or 7 mW) was delivered pseudorandomly in 50% of the trials of each session. For SwiChR, 0.5, 1.0, or 2.0 s of blue 473 nm light was delivered at trial start and 1.0 s of red 638 nm light directly after termination of the delay. For ChR2, blue light was applied throughout the delay or during the last 2 s of the delay. The inhibitory action of SwiChR was confirmed with acute recordings with silicon probes in anesthetized animals. Statistical differences were determined by paired t tests and ANOVA with repeated measures (for the effects of optogenetic manipulations). More details are given in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.
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![Optogenetic Tagging and Classification of mPFC FS-PV Neurons in Freely Moving Mice\
(A) Expression of ChR2-mCherry (red) in mPFC FS-PV neurons in a PV-Cre mouse injected unilaterally with AAV DIO ChR2-mCherry. (n = 4 PV-Cre mice). PL, prelimbic; IL, infralimbic. Scale bar, 100 μm.\
(B and C) Raster plot (top) and peri-stimulus time histogram (PSTH; bottom) of a light-activated FS-PV neuron (B) and an inhibited WS neuron recorded from the same tetrode (C), both aligned to light onset. Insets display representative spike waveforms.\
(D) Scatter plot of SALT versus waveform correlation for identification of directly light-activated neurons (n = 252 analyzed neurons). Optically tagged neurons (n = 12, p \< 0.01 by SALT; blue) display high waveform correlation between light evoked and spontaneous spikes (*r* \> 0.9).\
(E) Scatter plot of firing rate versus peak-to-valley ratio for opto-tagged FS-PV units and all recorded NS units. Opto-tagged FS-PV units (blue) cluster with FS-PV neurons identified by electrophysiological properties (purple). Inset displays representative spike waveforms.\
(F) Waveform similarity between opto-tagged FS-PV and recorded NS neurons. *r* = 1.0: a waveform identical to the waveform of opto-tagged FS-PV neurons.\
(G) Mahalanobis distance between the cluster of opto-tagged FS-PV neurons and clusters of recorded NS neurons.\
See also [Figure S2](#figs2){ref-type="fig"}.](gr1){#fig1}

![Firing Modulation of mPFC FS-PV and WS Neurons during Attentional Processing\
(A--C) and (F--H) PETH aligned to trial start and to cue onset for all FS-PV (n = 30) and WS neurons (n = 329) recorded in the 3-CSRTT. The timeline is broken due to the pseudorandom delay. 500 ms sliding window, 100 ms time bins.\
(A) Mean *Z* scores of responses of the whole FS-PV population based on the behavioral outcome of the trials (correct, blue; incorrect, purple; omission, pink). Shaded areas, SEM.\
(B) Individual mean *Z* scores of all recorded FS-PV neurons. The neurons are plotted in the same order for the three behavioral outcomes with the colors indicating low (blue) to high (red) firing rate.\
(C) Spike raster (top) and spike density functions (a guassian kernel σ = 100 ms; bottom) of an example FS-PV neuron based on the behavioral outcome of each trial; colors as in (A).\
(D) Comparison of the average firing rate of the recorded FS-PV neurons in correct versus error (incorrect + omission) trials, 1 s (−1 to 0 s) before cue onset. 9 out of 30 FS-PV neurons display a significantly increased firing rate in correct trials (black dots; p \< 0.05, Wilcoxon rank-sum test).\
(E) Attentional modulation index of the FS-PV population (red line; 0.1 ± 0.09, mean ± SD; p \< 0.01, t test). 30% of the individual neurons are significantly modulated by attention (black; p \< 0.05, Wilcoxon rank-sum test). Positive values refer to enhanced spiking in correct trials, and negative values refer to enhanced spiking in error trials.\
(F) Mean *Z* scores of responses of the whole WS population based on the behavioral outcome of the trials. Colors as in (A); shaded areas, SEM.\
(G) Individual mean *Z* scores of all recorded WS neurons. The neurons are plotted in the same order for the three behavioral outcomes with the colors indicating low (blue) to high (red) firing rate.\
(H) Mean *Z* scores of responses of all WS neurons based on behavioral outcome and on whether a neuron displays a mean increased or decreased activity during the delay of correct trials (blue). This dissociates the neurons into one population with increased activity (solid line) and one population with decreased activity (dashed line). The two populations display less dissociated activities during incorrect (purple) and omitted (pink) trials. Shaded areas, SEM.\
(I) Comparison of the average firing rate of the recorded WS neurons in correct versus error (incorrect + omission) trials 1 s (−1 to 0 s) before cue onset. 9 out of 329 neurons (2.7%) show significantly increased activity in correct trials and 16 out of 329 neurons (4.9%) in error trials (black dots; p \< 0.05, Wilcoxon rank-sum test).\
(J) Attentional modulation index of the WS population (red line; 0.0 ± 0.4, mean ± SD; p = 0.96, t test). Colors as in (E).\
See also [Figures S1](#figs1){ref-type="fig"} and [S3](#figs3){ref-type="fig"}.](gr2){#fig2}

![The mPFC FS-PV Activity Correlates to Attentional Processing\
(A--D) FS-PV neurons, n = 30.\
(A) There is no correlation between the FS-PV activity (−1 to 0 s before cue onset) and the reaction time (RT) in correct trials (red line; *r* = 0.04 ± 0.19, mean ± SD; p = 0.29, t test). Black indicates significance (p \< 0.05).\
(B) FS-PV activity during attentional processing in correct trials based on the RT (slow or fast).\
(C) FS-PV activity during attentional processing for correct and incorrect trials with similar RT.\
(D) FS-PV activity during attentional processing in correct trials based on the latency to collect reward (RL; slow or fast).\
Shaded areas, SEM. See also [Figure S4](#figs4){ref-type="fig"}.](gr3){#fig3}

![Successful Allocation of Attention Is Characterized by Synchronization of mPFC FS-PV and WS Neurons and Enhanced Gamma Oscillations\
(A--D) and (F--I) Data from the last 2 s of the delay.\
(A) Raw LFP, band-pass filtered LFP (30--40 Hz), and spectrogram (20--100 Hz) from a correct trial, including the average power (right green trace) and average 30--40 Hz band power (bottom green trace) of the spectrogram.\
(B) Average relative LFP power (1--100 Hz) based on behavioral outcome. Shaded areas, SEM.\
(C) Average relative LFP power in different frequency bands. The activity in the gamma band (30--40 Hz) is significantly elevated during successful allocation of attention (correct trials, blue) compared to trials with omission (pink); p \< 0.01, paired t test. Error bars, mean ± SEM.\
(D) Close-up of the 30--40 Hz activity in (C).\
(E) 30--40 Hz activity directly after termination of the delay (i.e., during the cue; 0 to 1 s after cue onset). The level of gamma does not differ between trial types (p \> 0.1, one-way ANOVA with repeated measures). Error bars, mean ± SEM.\
(F--I) (Left) Circular distribution of the mean-spike gamma-phase angles (15° bin width) based on behavioral outcome. (Black arrow) Direction and magnitude (length) of the MRL for the population (MRL, 1.0 = exact phase synchronization of the neurons). (Right) Distribution of mean-spike gamma-phase angles (45° bin width) based on behavioral outcome. (Black line) One schematic gamma cycle. (White circle) Mean phase angle (μ). (Bottom) Table with population-phase-locking statistics. κ = circular concentration coefficient.\
(F) Data for FS-PV neurons with ≥ 50 spikes during the last 2 s of the delay (n = 30; i.e., all FS-PV neurons).\
(G) Data for FS-PV neurons with ≥ 50 spikes during the last 2 s of the delay and significant phase locking to gamma in correct trials (p \< 0.05, Rayleigh test, n = 12 / 30). The firing of FS-PV neurons is most synchronized in correct trials (peak at 26.5 ± 1.7 ms, 30--40 Hz gamma).\
(H) Data for WS neurons with ≥ 50 spikes during the last 2 s of the delay (n = 180).\
(I) Data for WS neurons with ≥ 50 spikes during the last 2 s of the delay and significant phase locking to gamma in correct trials (p \< 0.05, Rayleigh test, n = 37 / 180). This WS population becomes phase locked to gamma in correct trials (peak at 23.7 ± 5.2 ms, 30--40 Hz gamma).](gr4){#fig4}

![Gamma-Phase Modulation of WS Firing during Successful Allocation of Attention\
(A--C) Data from correct trials, (A and B) same data as [Figure 4](#fig4){ref-type="fig"}I correct trials.\
(A) Polar chart with color-coded gamma phases: blue, −45° to 45° refers to the trough of the gamma cycle; light blue, −135° to 135° refers to the peak of the gamma cycle. Circular distribution of the mean-spike gamma-phase angles (15° bin width) of the 37 WS neurons with ≥ 50 spikes during the last 2 s of the delay and significant phase locking to gamma in correct trials (p \< 0.05, Rayleigh test).\
(B) Distribution of mean-spike gamma-phase angles (45° bin width) for the neurons in (A). Colors as in (A).\
(C) Firing modulation during the delay of the WS neurons in (B), firing in the trough (blue and solid line) or at the peak (light blue and dashed line) of the gamma cycle. Shaded areas, SEM.](gr5){#fig5}

![Silencing of mPFC FS-PV Neurons Disrupts Attentional Processing\
(A) Placement of bilateral fiber optics and expression of SwiChR-EYFP (green) in mPFC FS-PV neurons in a PV-Cre mouse injected bilaterally with AAV DIO SwiChR-EYFP. 92.9% ± 2.4% of SwiChR-EYFP+ neurons expressed detectable levels of PV (742/802 neurons) and 83.9% ± 1.2% of PV+ neurons expressed SwiChR-EYFP close to the fiber tip (742/886 neurons). n = 5 PV-Cre mice. PL, prelimbic; IL, infralimbic.\
(B) PV+ (red) mPFC neurons with SwiChR-EYFP expression (green) and typical PV interneuron morphology.\
(C and D) Pseudorandom SwiChR application (red) during the delay in 50% of the trials. Activation: 0.5, 1.0, or 2.0 s of 473 nm in separate sessions; termination: 1 s 638 nm.\
(C) Inhibition of mPFC FS-PV neurons during the delay results in more than a doubling of the total number of errors (premature + incorrect + omission) independent of blue light application (0.5, 1.0, or 2.0 s). Total errors: 59.8% ± 10.7% with light, 23.6% ± 6.4% without light; 0.5, 1.0, and 2.0 s combined.\
(D) Inhibition of mPFC FS-PV neurons during the delay results in a large increase in the number of omitted trials. Data combined from 0.5, 1.0, and 2.0 s 473 nm light stimulation.\
^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001; error bars, mean ± SEM; Scale bars, (A) 100 μm; (B) 25 μm. See also [Figures S5](#figs5){ref-type="fig"} and [S6](#figs6){ref-type="fig"}.](gr6){#fig6}

![Frequency-Dependent FS-PV Modulation of Attentional Processing\
(A) Placement of bilateral fiber optics and expression of ChR2-mCherry (red) in mPFC FS-PV neurons in a PV-Cre mouse injected bilaterally with AAV DIO ChR2-mCherry. 92,9% ± 1.0% of ChR2-mCherry+ neurons expressed PV (670/725 neurons) and 87.7% ± 0.8% of PV+ neurons expressed ChR2-mCherry close to the fiber tip (670/764 neurons); n = 5 PV-Cre mice; PL, prelimbic; IL, infralimbic.\
(B) PV+ (green) mPFC neurons with ChR2-mCherry expression (red) and typical PV interneuron morphology.\
(C and D) Pseudorandom ChR2 application (473 nm; blue) during the delay in 50% of the trials.\
(C) Error rate with (blue) or without (gray) light application. The error rate in trials without light does not differ, regardless of stimulation frequency used in intermingled trials with light (1--10, 20, 30--40, or 60 Hz; p \> 0.1 one-way ANOVA with repeated measures).\
(D) Rate of different error types with (blue) or without (gray) light application. 30--40 Hz drive of FS-PV neurons reduces the number of omitted trials.\
^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001; error bars, mean ± SEM. Scale bars, (A) 100 μm; (B) 25 μm. See also [Figure S7](#figs7){ref-type="fig"}.](gr7){#fig7}

![3-CSRTT: Outline, Optogenetic Applications, and Training, Related to [Figure 2](#fig2){ref-type="fig"}\
(A) The 3-CSRTT for fully trained animals. From left to right: In order to allow the animals to optimally attend to the presentation of the cue we modified the task and the equipment. Each trial was initiated by pushing of the reward port, but the trial was not started until the animal had turned to face the cue presentation holes (for details see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} and [Movie S1. Correct Trial, 4 s Delay, Related to Figure 2](#mmc2){ref-type="supplementary-material"}, [Movie S2. Premature Trial, Related to Figure 2](#mmc3){ref-type="supplementary-material"}, [Movie S3. Incorrect Trial, 3 s Delay, Related to Figure 2](#mmc4){ref-type="supplementary-material"}, [Movie S4. Omission, Related to Figure 2](#mmc5){ref-type="supplementary-material"}). Trial start marked the start of the pseudorandom delay (delay = time from trial start to cue onset; 3, 4 or 5 s). Compared to commonly used 5-CSRTT protocols our strategy streamlines the behavior during the delay. The cue (1 s visual stimulus) was presented pseudorandomly in one of three cue presentation holes directly after the delay. Nose-poking into the cue presentation hole ( = correct response, [Movie S1](#mmc2){ref-type="supplementary-material"}) resulted in immediate access to reward (15% sucrose solution) in the reward port. Time from cue onset to nose-poke response defined the reaction time (RT). Time from correct nose-poke response to first nose-poke into the reward port defined the reward collection latency (RL). Nose-poking into any of the cue presentation holes before cue onset (premature response, [Movie S2](#mmc3){ref-type="supplementary-material"}) canceled cue presentation. Nose-poke response in any nose-poke hole other than the cue presentation hole defined an incorrect response ([Movie S3](#mmc4){ref-type="supplementary-material"}). The reaction times for incorrect responses were also recorded. Failure to respond within 5 s after cue onset (i.e., limited hold = 5 s) defined an omitted trial (omission; [Movie S4](#mmc5){ref-type="supplementary-material"}). Premature, incorrect and omitted responses resulted in a 5 s timeout during which a new trial could not be initiated.\
*Optogenetics*. Inhibition of FS-PV activity during attention: SwiChR was activated pseudorandomly in 50% of the trials by 0.5, 1.0 or 2.0 s (separate sessions) of 473 nm blue light upon trial start. SwiChR was deactivated by application of 1 s red light (638 nm) after ending of the pseudorandom delay. Activation of FS-PV neurons during attention: ChR2 was activated by blue light (473 nm at different frequencies) throughout the pseudorandom delay or during the last 2 s of the delay.\
(B) Training in the 3-CSRTT. The animals were trained at six levels defined by specific criteria. The criteria of each level had to be met for two consecutive days for progression to the next level. After successfully reaching the target criteria ( = level 6, two consecutive days with ≥ 50 correct trials, ≥ 80% accuracy and ≤ 20% omissions; pseudorandom delay (3, 4 or 5 s), 1 s cue, 5 s maximum response time) the animals were subjected to chronic electrophysiological recordings or optogenetic manipulations.\
(C--F) Training data for the animals used; n = 13 PV-Cre mice (3 chronic recordings during behavior + 5 SwiChR during behavior + 5 ChR2 during behavior). Data represent average performance during each training level.\
(C) The average number of days (i.e., sessions) spent at each training level.\
(D) Development of accuracy (number of correct trials / (number of correct trials + number of incorrect trials)) during training.\
(E) Number of premature and omitted responses during the different training levels.\
(F) The reaction time for correct and incorrect responses during training. Correct responses are consistently faster than incorrect responses (paired t test).\
^∗^p \< 0.05, ^∗∗^p \< 0.01; error bars, mean ± SEM.](figs1){#figs1}

![Chronic Electrophysiological Recordings during 3-CSRTT and Cell Type Classifications, Related to [Figure 1](#fig1){ref-type="fig"}\
(A--E) Data from 3 PV-Cre mice.\
(A) Schematic reconstruction of the recording sites.\
(B) Performance in the 3-CSRTT during in vivo recordings. (n = 54 sessions). The animals still met the target criteria after implantation of microdrives.\
(C) The reaction times are slightly longer after implantation (compare to e.g., [Figures S6](#figs6){ref-type="fig"}D, S6E, and [S7](#mmc1){ref-type="supplementary-material"}F--S7H), most likely due to the animals\' movement being more restricted by the microdrive than by implanted fibers. The pattern of correct responses showing faster reaction times than incorrect responses remains intact (p \< 0.01, paired t test).\
(D) Units (n = 426) were classified as NS (n = 70, red) or WS (n = 329, blue) based on spike waveform features (half-valley width and peak-to-valley ratio). A Gaussian mixture model (GMM) was used for objective classification of units. 27 units were not classified due to low classification confidence (squares; p \> 0.05). Inset; the peak (*a*), valley (*b*) and half-valley width (*c*) for a schematic neuron.\
(E) Neurons classified on the basis of three electrophysiological properties: the peak-to-valley ratio, the half-valley width and the spike rate. This identified 7.0% (30/426) of the neurons as FS-PV neurons (peak-to-valley ratio \< 1.1 and firing rate \> 10 Hz; purple). NS neurons with peak-to-valley ratio \< 1.1 and firing rate ≤ 10 Hz were classified as NS1 (10/426, 2.3%; pink) and the remaining NS neurons as NS2 (15/426, 3.5%; green) or NS3 (15/426, 3.5%; yellow) based on distinct clustering. Blue triangles; WS neurons (326/426, 77.2%), black squares; unclassified neurons (27/426, 6.3%). Inset: representative spike waveforms of the classified neurons.\
^∗∗^p \< 0.01; error bars, mean ± SEM.](figs2){#figs2}

![Modulation of and Interactions between FS-PV and WS Neurons during Attentional Processing, Related to [Figure 2](#fig2){ref-type="fig"}\
(A) The FS-PV neurons (n = 30) homogenously display sustained elevation of activity during successful allocation of attention, with up to 40% of the neurons being significantly modulated (p \< 0.05, Wilcoxon rank-sum test, 0.5 s time bins). Green, increased activity in correct trials; red, increased activity in error (incorrect + omission) trials.\
(B) FS-PV neurons were physiologically characterized by their fast and putative monosynaptic inhibitory interactions with WS neurons. Example of cross-correlogram of spike trains between a FS-PV--WS pair showing short-latency suppression of WS spiking. Blue line denotes mean of time-jittered spikes (1,000 times, randomly within 5 ms) and red lines indicate the 95% confidence interval (p \< 0.05) from the jittered spikes. We confirmed inhibitory interactions between 21/30 (70%; two or more bins exceeded the lower confidence interval within 10 ms) of the FS-PV neurons and concurrently recorded WS neurons.\
(C) Responses (left) and clustering (right) of the individual WS neurons (n = 329) based on their firing modulation during the delay in correct trials. PC = principal component.\
(D) Normalized z-score cross-correlograms of short-latency interactions between 53 pairs of FS-PV neurons and WS neurons with suppressed activity (WS↓), and between 55 pairs of FS-PV neurons and WS neurons with enhanced activity (WS↑) during the delay of correct and error (incorrect + omission) trials (WS ≥ 100 spikes over all trials). The fastest and strongest FS-PV inhibition is seen in correct trials, targeting the WS neurons with suppressed activity. Shaded area; SEM.\
(E) The WS neurons display mixed modulations during attention (significantly modulated neurons: p \< 0.05, Wilcoxon rank-sum test, 0.5 s time bins). Colors as in (A).](figs3){#figs3}

![FS-PV Activity in Relation to Prior Behavior, Related to [Figure 3](#fig3){ref-type="fig"}\
Data from correct trials. PETH aligned to trial start and to cue onset showing the activity of all FS-PV neurons (n = 30), 500 ms sliding window, 100 ms time bins. The result of the behavior in the previous trial does not affect the level of FS-PV activation in a directly subsequent correct trial. The timing of recruitment was however significantly different, with the FS-PV neurons being recruited earlier if the previous trial was rewarded (p \< 0.01, paired t test). 1 s after trial start there was no difference in the FS-PV activity regardless if the previous trial was rewarded or not. Shaded areas; SEM.](figs4){#figs4}

![SwiChR Conveys Fast and Bistable Inhibition of mPFC FS-PV Neurons In Vivo, Related to [Figure 6](#fig6){ref-type="fig"}\
(A) To confirm the bistable inhibitory action of the chloride channel SwiChR in mPFC FS-PV neurons in vivo, AAV DIO SwiChR-EYFP (green) was injected into mPFC of PV-Cre mice (n = 4). Arrowhead points to example track mark from the silicon probe, the probe tip was targeted to PL. For labeling specificity and efficiency see [Figure 6](#fig6){ref-type="fig"}A-B.\
(B--D) Blue light (1 s, 473 nm, 5 mW; blue bar) and red light (1 s, 638 nm, 5 mW; red bar) were applied at different intervals during acute anesthetized recordings.\
(B) Example trace of bistable spiking modulation of a mPFC FS-PV neuron. Application of blue light resulted in fast and sustained inhibition of spiking. Spiking resumed very rapidly after red light application.\
(C) Top; PSTH of bistable inhibition of a FS-PV neuron aligned to blue light onset, n = 15 trials. Inset; representative spike waveform, with typical FS-PV features. Bottom; average modulation of the neuron. Shaded area; SEM.\
(D) Top; PSTH aligned to blue light onset of bistable disinhibition of a neuron in the local mPFC circuitry recorded concurrently to the inhibited FS-PV neurons in (C), n = 15 trials. Inset; representative spike waveform. Bottom; average modulation of the neuron. Shaded area; SEM.](figs5){#figs5}

![The Effects of SwiChR Activation on Attentional Processing, Reward Latencies, and Reaction Times, Related to [Figure 6](#fig6){ref-type="fig"}\
(A--E) SwiChR activation was applied pseudorandomly in 50% of the trials in every session. Activation: 0.5, 1.0 or 2.0 s 473 nm blue light in separate sessions, termination: 1 s 638 nm red light in all trials with SwiChR application. n = 5 PV-Cre mice.\
(A) Error types for each SwiChR stimulation paradigm used.\
(B--E) Data from correct trials.\
(B and C) Optogenetic silencing of FS-PV neurons during attentional processing did not affect the latency to collect reward (i.e., there was no difference in reward collection latencies (RL) in trials with light compared to trials without light), regardless of blue light-pulse duration and light intensity (p \> 0.05, three-way ANOVA with repeated-measures followed by Tukey's post hoc test).\
(D--E) Optogenetic silencing of FS-PV neurons during attentional processing did not increase the reaction time (RT; time from cue onset to nose-poke response), regardless of blue light-pulse duration and light intensity (p \> 0.05, three-way ANOVA with repeated-measures followed by Tukey's post hoc test).\
^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001; error bars, mean ± SEM.](figs6){#figs6}

![The Effects of ChR2 Activation on Attentional Processing, Reward Latencies, and Reaction Times, Related to [Figure 7](#fig7){ref-type="fig"}\
(A--H) n = 5 PV-Cre mice.\
(A--B) ChR2 activation of FS-PV neurons was restricted to the last 2 s (−2 to 0 s) of the delay pseudorandomly in 50% of the trials (473 nm, 5 mW).\
(A) Optogenetic activation of mPFC FS-PV neurons at low frequencies (1-10 Hz) resulted in a significant increase in the total numbers of errors (premature + incorrect + omission, p \< 0.05, paired t test). Activation at 20 Hz did not affect the error rate (p = 0.86, paired t test). Activation at 30-40 Hz did not result in a significant decrease in the numbers of errors, which could potentially be explained by insufficient number of sessions (1 sessions compared to 6 sessions of optogenetic activation throughout the delay, compare to [Figure 7](#fig7){ref-type="fig"}C).\
(B) Optogenetic activation of mPFC FS-PV neurons at 1-10 Hz resulted in a significant increase in the number of omitted trials (p \< 0.01, t test).\
(C--H) Data from correct trials. ChR2 activation (473 nm, blue) was applied pseudorandomly in 50% of the trials in every session.\
(C--E) Optogenetic activation of FS-PV neurons during attentional processing did not affect the latency to collect reward (i.e., there was no difference in reward collection latencies (RL) in trials with light compared to trials without light) regardless of light intensity, stimulation frequency, or timing of light application (p \> 0.05, three-way ANOVA with repeated-measures followed by Tukey's post hoc test).\
(F--H) Optogenetic activation of FS-PV neurons during attentional processing did not increase the reaction time (RT; time from cue onset to nose-poke response) regardless of light intensity, stimulation frequency, or timing of light application (p \> 0.05, three-way ANOVA with repeated-measures followed by Tukey's post hoc test).\
^∗^p \< 0.05, ^∗∗^p \< 0.01; error bars, mean ± SEM.](figs7){#figs7}
